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Abstract. For years, the aerospace industry has relied on people and their knowledge to make critical decisions.
This method of decision-making has become very expensive and unreliable, particularly when used to monitor
increasingly complex systems. Intelligent systems and tools are now available that can be used to reduce costs and
improve operations.

Much work has been done in the area of intelligent systems to support aerospace-related activities. Computer
Sciences Corporation (CSC) has conducted studies and developed prototypes using three forms of intelligent
systems: case-based reasoning, rule-based reasoning, and model-based reasoning. This paper will present an
overview of these technologies and related CSC projects, and how these technologies can be used to benefit the
aerospace industry.
Technology Overview
Model-Based Reasoning Definition

Model-based reasoning (MBR) is an intelligent system
technology that reasons by storing causal models of
devices or domains to avoid reasoning from scratch.
MBR is used to identify failures by comparing a real
system against a model of a system to determine
inconsistencies. Instead of reasoning from observed
values, model-based reasoning systems reason from
first principles. MBR systems know the internal
processes of a machine and can determine which state
the machine is in to generate the observed values. As
the machine operates and sends the model-based
reasoning system its sensor data, a simulator generates
predicted sensor values. The observed sensor values are
compared against the predicted sensor values. If there is
a mismatch and the values are out of tolerance an alarm
is generated. The alarm causes a diagnosis which could
generate and execute commands to prevent further
damage.

a qualitative reasoning system would solve them. Even
though people do not have numerical data or a lot of
time to solve a problem, they can correctly and quickly
assess a situation. For example, a pedestrian determines
if it is safe to cross a busy street without nwnerical data
or calculations such as velocity or trajectory
measurement of oncoming vehicles. They assess how
cars generally behave compared to how people walk.
QR uses a model of how a system behaves normally. A
model may hierarchically represent the operating status
of a component, subsystem, system, or space vehicle.
Variables are defined for each component, subsystem,
system, or space vehicle in the model to describe its
characteristics. Such characteristics might include the
material the component uses such as hydrazine or
bipropellant, an attribute of the component such as
pressure or temperature, the direction that the material
is flowing such as in or out, and the component name
such as valve or regulator. Confluences are defmed
which represent the relationship between component
variables under normal conditions. For example, a
confluence might be:

Qualitative Reasoning Definition

«hydrazine pressure out (valve»

=

max)

Qualitative reasoning (QR) is a kind of model-based
reasoning. Hwnans often solve problems similar to how
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In this example, the confluence describes the pressure
of the valve as the hydrazine moves in the out direction
to be at its maximum.

subsystem from an anomalous state to a normal state.
These procedures can be executed automatically or
presented as recommendations to an operator to
execute.

QR can be used to accurately determine status and
detect failures in complex systems. Analysis can be
done without the need for quantitative data, complex
expert rules, or failure models based on known faults.
Both qualitative and quantitative (numeric) data can be
used for diagnosis. Qualitative data might be described
as "a catalyst bed that is hot" or "a valve that is
leaking". "Hot" and "leaking" are qualitative rather
than quantitative values. Quantitatively, "hot" might be
described as a temperature greater than 212 degrees.
Qualitative data alone can be used to identifY a fault.
These qualitative values can often be obtained much
more quickly and easily than quantitative values
enabling spacecraft operators to more inexpensively
and accurately identifY a fault.

Benefits of Model Based Reasoning
Once the structure and behavior of the device is known,
MBR can be used immediately to diagnose behavior
rather than waiting for experience to emerge as is
typically required in rule-based systems. MBR is good
for verifYing that something is the way it should be. Its
primary advantage over other methods is that it can
detect unforeseen faults, though it may not be able to
describe to a user how to handle a new problem.
MBR systems are easier to manage and maintain than
rule-based systems because information is more
structured with fewer complex interactions between
pieces. MBR systems are considered deterministic; that
is, no matter how large the system becomes, for the
same input, the result is always the same. Therefore
they are easier to test than rule-based systems. Users
can perform "what-if' analysis with MBR to see what
might happen if a particular solution is tried. MBR
systems are better at diagnosing and handling fault
combinations since the system can be developed
hierarchically which makes it easier to manage and
represent
system
components
and
their
interrelationships. With MBR:

Finite State Modeling Definition
Another kind of model-based reasoning investigated by
CSC is finite state modeling. In this method, sets of
telemetry values are grouped together and
hierarchically arranged to represent the state of a
component, subsystem, system, or space vehicle. For
example, at the lowest level, the state of a relay might
be represented as two telemetry values. At the next
level, the state of the relay control unit might be
represented as the state of its set of relays, each with its
own telemetry signature. At the next level, the state of
the electrical power system might be defmed by the
states of its various parts such as relay control units,
batteries, charge control units, solar arrays, etc. At the
highest level, the state of the entire vehicle might be
defmed by the states of all its systems. Therefore,
through finite state modeling, the status of a
component, subsystem, or space vehicle can be
evaluated in real time through telemetry.

•
•
•
•
•
•

Figure 1 illustrates finite state modeling. In the physical
model, telemetry values indicate the state of a physical
component or subsystem. As shown in the figure,
current, voltage, and temperature indicate the state of
the electrical power system, and temperature indicates
the state of the thermal control subsystem. Normal and
anomalous states can be modeled. Normal battery
operation is a normal state for the electrical power
subsystem. Possible cell loss, overheat, and severe
overheat are minor and severe anomalous states for the
electrical power subsystem. If one of these anomalous
states is encountered, an anomaly resolution procedure
is executed which transitions the electrical power

less skilled personnel are needed to perform
diagnosis
fewer and better maintenance procedures are
used
maintenance can be planned to prevent problems
inspection and testing is more effective as
technicians are guided through the process
safety analysis is more effective because it is
based on failure predictions
fewer components that have not failed are
replaced as diagnoses are more accurate

Models can be developed and maintained by engineers
with little training in MBR techniques. Models can be
built generically so that they can be applied to many
systems. For example, a model of a relay could be used
in any electrical system. This could drastically reduce
the time and cost of building new models.
Another advantage is that future system states can be
predicted and analyzed to identifY undesirable
situations before performing a repair procedure. For
example, test cases can be generated and executed, and
2
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results can be evaluated, before perfonning a repair on
the real system. This allows for test and maintenance
procedures to be developed and tried before actually
perfonning them to eliminate destructive or wasteful
procedures. These test scenarios might be developed
during design and can be reused for troubleshooting
and analysis after the system has been deployed.

problems in that humans are often reminded of a
similar situation and adapt what they know.
Applications domain knowledge is stored as cases that
describe past experience. The case base is developed
incrementally over time as users solve new problems,
gain additional knowledge, and store this knowledge in
the database. Users enter data describing the problem or
situation and the system provides solutions from its
database of matching cases. As users learn how to solve
new problems, they may use similar cases in the
database to build a new case. New cases are stored in
the database and made available to others to use.

Most importantly the use of MBR can improve the
engineering design process. Designs can be evaluated
and changed before manufacturing begins so that
systems that are developed are less likely to fail.
Case-Based Reasoning Definition

Benefits of Case-Based Reasoning
Case-Based Reasoning (CBR) uses cases to reason and
solves problems similar to the way humans reason.
CBR uses past experience in solving new problems by
storing previous experience as cases in a database.
Cases are indexed so that they can be easily retrieved,
and retrieved cases can be adapted to solve new
problems. This is similar to the way humans solve

Generally, CBR systems are easier to create and
maintain than other fonns of knowledge-based systems.
This is because experts understand a case since it is like
an example. Accumulating cases is a much easier task
than accumulating and modifying a rule base as new
experiences are gained.
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CBR systems are likewise generally easier to test than
rule-based systems. In a CBR system, adding a case
does not effect existing cases in the system. CBR is
good for problems where it would be difficult for
someone to remember all the combinations of
symptoms that might lead to a solution. The CBR
system stores sets of symptoms and a solution that a
user may have derived through considerable effort. By
storing the solution when it is derived, it is immediately
available to others. As the user learns how to solve a
new problem and creates a new case describing it, the
CBR system is essentially learning as well.

Where Can the Aerospace Industry Use these
Technologies?
The aerospace industry can use these technologies in
many different areas including spacecraft design,
integration and test, ground system support including
"lights out" operations, and onboard systems. These
technologies as applied to these application areas are
summarized below.
Spacecraft Design
Because it is very difficult to repair a spacecraft once it
is in orbit, the spacecraft design process is very
important. Fault tolerant systems must be developed.
The design process can be greatly improved with
qualitative reasoning. Designs can be evaluated and
changed before spacecraft manufacturing begins so that
systems that are developed are less likely to fail. It can
also alert operations staff of components and systems
that are more likely to fail so that they can be more
prepared to handle them in the event that a failure does
occur once the spacecraft is in orbit. An interface with a
Computer Aided Design (CAD) tool will enable a
qualitative reasoning tool to more easily be
incorporated into the existing design engineering
environment and can be used to augment the
capabilities that CAD design tools provide.

Rule-Based Reasoning Definition
A rule-based expert system is a computer program that
uses knowledge and an inference engine to solve
problems that require expertise to produce a solution.
They reason using previously defined rules that cover a
well-defined, narrow domain. Expert knowledge
consists of facts and heuristics. The facts are the
information that is agreed upon by the experts.
Heuristics are the rules-of-thumb that experts have
derived through experience in solving problems. Facts
and rules are contained in the knowledge base which is
operated on by the inference engine.
Benefits of Rule-Based Reasoning
An advantage of rule-based reasoning is that it works
even if the device is not well understood, as long as
sufficient expertise about a device's behavior is
available. Rule-based reasoning systems typically have
good explanation capabilities to explain how a
particular solution was reached.

For spacecraft design, many different constraints must
be satisfied in order to generate a good design. A casebased reasoning system can collect information as to
how multiple constraints were handled in past designs.
These designs can be reused or adapted by future
designers to enable design expertise to be shared among
missions.

Hybrid Knowledge Based Systems
Integration and Test
A hybrid system can be defined as a system that
contains two or more subsystems that each use a
different intelligent knowledge representation and
inferencing technique. Through a hybrid approach,
improved methods for problem solving are possible. In
the past, problem solving was primarily performed by
people. There have been many attempts at automation
using different intelligent system technologies such as
rule-based reasoning or MBR alone. But through a
combination of intelligent techniques, automation can
be maximized and improved, to reduce or minimize the
effort required by the operator, and to reduce
operations costs. Thus, hybrid knowledge-based
systems provide, through synergy, a more powerful set
of tools for use by the aerospace industry.

During spacecraft integration and test, procedures are
developed that are used to test the spacecraft before
launch and to operate the spacecraft after launch. An
automated procedure planning and execution tool can
be used to develop these operational procedures. A
rule-based reasoning tool can be used to diagnose
problems encountered during integration and test. A
case-based reasoning tool can record how failures were
handled so that they can more quickly and easily be
handled if they recur during operations. If a fault is the
result of a design problem, a design case can be revised
to prevent manufacturing of a faulty design in the
future.
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Mission Control/Ground System Support

objectives. They execute operational procedures to
achieve this goal. Tasks include commanding, receiving
telemetry data, checking the quality of the telemetry
received, and dumping tape recorder data which may
include science data for users or housekeeping data
used to evaluate the health of the spacecraft. At the
present time, flight operations personnel decide when to
execute each procedure depending on numerous events
such as time of day, minutes into an acquisition of
signal, a failure occurring, or other events. A procedure
contains a sequence of spacecraft commands and
decision points that are executed based on a set of
conditions.

During mission operations, a staff of flight operations
personnel is used to monitor the health and safety of the
spacecraft. Failures may occur in spacecraft or ground
support equipment. Technologies that help to reduce
the staff needed to support routine operations and fault
detection include rule-based reasoning, model-based
reasoning, and case-based reasoning.
Rule-based reasoning can be the basic building block
for a "lights out" operations environment. It can be
used to monitor spacecraft health and can identify when
a failure has occurred or when a failure will occur if
nothing is done. It is useful for handling failure
conditions that have been previously identified and can
easily be described by an expert. Because they are well
known, they can be easily encoded into rules and used
to detect a failure that might recur. Rules can then be
used to recommend repair procedures to prevent a
failure from occurring or to correct a failure that has
already occurred.

A pass is defined as the time interval when the
spacecraft is in view of the ground station and data
downlink and command uplink are performed. Activity
schedules are generated from a communications
schedule which defines when the spacecraft can use the
Tracking Data Relay Satellite System (TDRSS) for data
transfer. These schedules are then used to generate
procedures or scripts that execute during a pass.
Branches of a procedure may be executed when a
spacecraft fault is detected or when the spacecraft is in
a certain state.

Model-based reasoning is useful for spacecraft
diagnosis during operations and is especially useful in
diagnosing unforeseen faults. Spacecraft models are
developed to identify when a system or device's
behavior is deviating from what is expected, and to
identify one or more components causing the problem,
by comparing observed or simulated values against the
model's values. The analysis can be done without the
need for quantitative data, complex expert rules, or
failure models based on known faults. MBR can be
used to make recommendations on how to fix or
prevent a problem if it has occurred before, or notify
the user of an inconsistency so that the user can decide
how to handle it.

With an automated procedure planning and execution
tool, procedures can be automatically executed to
perform an operation or repair a faulty condition, with
or without human intervention. The automated
procedure planning and execution tool contains expert
decision making rules and execution logic that can be
run in conjunction with a rule-based expert system.
Training

These technologies and tools used for training provide
suggestions about what has failed and how it should be
fixed. An inexperienced operator could select a solution
and evaluate the quality of the solution against what the
tools recommend. Through time, inexperienced
operators can learn the ground operator's role,
minimizing reliance on human operators to perform
training.

Case-based reasoning is useful for alerting an operator
to potential problems that might recur based on what
happened in the past given the same set of symptoms.
Unknown, newly occurring faults could thus be
identified and handled by suggesting a possible
solution. A solution is generated by adapting a previous
solution that worked for a similar failure in the past.
When fully and properly validated, cases can be used to
generate a set of rules that would be used by a rulebased expert system to automatically detect and resolve
anomalies.

Onboard or Ground Solution

Monitoring, fault detection, and fault correction could
be handled from the ground using flight operators,
on board the spacecraft in firmware, or onboard the
spacecraft in software. An onboard software solution
enables changes to the fault detection system to be
made from the ground, whereas a firmware solution
does not Self-diagnosis and self-correction can be

Automated Procedure Planning and Execution

During operations, flight operations personnel must
insure that the spacecraft performs its mission
5
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accomplished onboard using the tools described above,
once they have been perfected on the ground. An
onboard solution provides an alternative for "lights
out" operations and many in the industry feel that this
approach provides the greatest promise for the future.

approximately 10 percent of the cost of developing
custom ground support software. IMACCS met 87% of
SAMPEX requirements, and successfully commanded
the SAMPEX spacecraft, at a significantly reduced
cost.

Proof of Concept Projects

RECALL

CSC has been involved in several projects for the
National Aeronautics and Space Administration
(NASA) at Goddard Space Flight Center (GSFC),
Mission Operations and Data Systems Directorate
(MO&DSD). These projects implement many of the
technologies described above.

Another project, the Reusable Experience with CaseBased Reasoning for Automating Lessons Learned
(RECALL), uses CBR to capture and reuse software
engineering lessons learned. Lessons learned are
obtained while developing ground systems and
operating satellites. They describe positive experiences
and successes that need to be reinforced, as well as
problems faced and ways to avoid them in the future.
When users encounter a problem and want to learn how
others handled similar situations, they can access
RECALL through the World Wide Web. They enter a
general description of their problem or situation, are
prompted to answer related questions about their
situation, and when the questions are answered, are
shown a list of lessons that match. These lessons
present solutions they may want to try or adapt to their
situation. They are encouraged to add new lessons as
they are encountered and problems are solved so that
others may learn from their experiences.

IMACCS
One of these projects, the Integrated Monitoring,
Analysis, and Control COTS System (IMACCS), was a
successfully functioning, commercial, off-the-shelf
(COTS)-based ground support system that used MBR
and finite state modeling for diagnosing failures. For
"lights out" automation, when a failure occurs,
IMACCS can page off-line flight operators to handle an
anomaly the system does not know how to handle.
lMACCS was implemented to operate the Solar
Anomalous and Magnetospheric Particle Explorer
(SAMPEX) spacecraft.

REDEX
The increasing availability, low cost, and automation
potential of COTS hardware and software designed for
spaceflight ground support offer promise for lower cost
ground systems and flight operations. However, these
tools have only recently appeared and have not been
extensively tested in operations, especially for complex
scientific missions. lMACCS was a proof-of-concept
demonstration of the ability of COTS products to meet
the challenge.

The Ranging Equipment Diagnostic Expert System
(REDEX) is a rule-based expert system that diagnoses
hardware failures in ranging equipment at NASA's
Ground Network tracking stations. It helps technicians
identify faulty circuit cards or modules that must be
replaced.
GenSAA
Based on the REDEX experience, CSC developed a
toolkit, the Generic Spacecraft Analyst Assistant
(GenSAA), to enable spacecraft analysts to rapidly
build simple real-time expert systems that perform
spacecraft monitoring and fault isolation functions.
Expert systems built using GenSAA assist spacecraft
analysts during real-time operations in spacecraft
control centers. GenSAA is currently used to support
several missions at GSFC.

A proposal was made to build a complete ground
system based on COTS components in 90 days. The 90day time frame was selected because it was believed
that future missions will be planned and executed on
short schedules. The target spacecraft for the
demonstration was SAMPEX.
IMACCS found that COTS products are feasible for
operations; that COTS integration enables "faster and
cheaper" ground data systems development; and that
COTS features provide for enhanced, or "better,"
mission operations.

Genie
The Generic Inferential Executor (Genie) is a tool that
has been developed as an extension to GenSAA for
building applications that automate spacecraft pass

Original objectives for IMACCS were to meet 80
percent of SAMPEX functional requirements at
6
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planning and operations. Genie duplicates the routine
monitoring, decision-making, and actions of flight
operations personnel. It has been selected for use on
several NASA missions.

anomaly occurs that it does not know how to handle.

For one mission, the X-ray Timing Explorer (XTE), a
GenSAA/Genie application is under development to
automate routine command and control activities and
perform spacecraft health and safety verification during
TDRSS communication passes. A high level software
function was built on top of GenSAA and Genie to
coordinate, initiate, manage, communicate with, and
terminate all processes.

It is likely that this technology will revolutionize the

How the Aerospace Industry Can Begin to
Capitalize

way we design and build spacecraft systems in the
future. Many COTS products exist today that
implement these technologies. One way to significantly
reduce costs is to maximize the use of COTS products
in ground systems.
Figure 2 illustrates how COTS products implementing
these technologies can be integrated together to add
intelligence to ground systems. It illustrates all the
technologies discussed above plus other useful
technologies for ground system operations including a
scheduling tool. A scheduling tool would do the
necessary preplanning and would develop an operations
script composed of a sequence of actions to be executed
using the automated procedure planning and execution
tool. Each tool uses knowledge from a database in
solving problems. This knowledge might also be useful
between missions. By developing systems in a generic

Activity schedules are generated and used to generate
pass plans that Genie executes during a pass. These
activity schedules are generated from a TDRSS
schedule which defines when the spacecraft can use
TDRSS for data transfer. Alternate branches of a pass
. execute by evaluating data values that indicate normal
or anomalous spacecraft states.
Similar to IMACCS, XTE plans to implement the
capability to page off-line flight operators when an
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Other
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Others

Figure 2 - COTS Products Integrated to Add Intelligence to Ground Systems
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fashion and storing this infonnation in a Generic
Aerospace Library, the knowledge gathered for one
mission could be reused for another mission, further
reducing the cost to develop and operate ground
systems. A government or commercial control center
might also be a COTS product that could be integrated
through a data server with the rule-based reasoning
tool. The rule-based reasoning tool would coordinate
the knowledge between the various other tools.

operator resolves them since the model-based reasoning
system does not know how to resolve them. The
operator uses the case-based reasoning component to
find similar cases to gain insight into how to solve the
new problem. Once the new problem is resolved, new
cases describing the anomaly with its resolution are
stored in the case-based reasoning component. New
rules to handle the new anomaly are written and
incorporated into the rule-based reasoning component.

Figure 3 illustrates how knowledge could be shared and
used by the various intelligent systems during actual
operations. A CAD tool is used by spacecraft designers
in designing new spacecraft. Design rationale and
experience is stored and available for reuse using casebased reasoning. Failure modes and effects are
evaluated using an MBR tool. Operations schedules are
generated using a scheduling tool. The automated
procedure planning and execution co~ponent executes
these schedules based on the state of the ground system.
Routine problems are handled using rule-based
reasoning. In the event that an automated recovery
action can be perfonned, the rule-based reasoning
component provides the command procedure to the
automated procedure planning component for
execution. For failures that the rule-based reasoning
component could not resolve, a model-based reasoning
component is used. It would diagnose failures using
models of the spacecraft. For new anomalies, an

Figure 4 illustrates where, in the system development
life cycle, each technology fits. Model-based reasoning,
case-based reasoning, and scheduling can be used
during spacecraft design. These technologies as well as
rule-based reasoning, and automated procedure
planning and execution can be used during spacecraft
development, test and operations.
Conclusion

A ground system of the future will integrate a variety of
technologies, techniques, and tools with engineering
knowledge in design and operations. The integration of
these tools and techniques will enable more
autonomous operations to be perfonned, further
reducing life cycle costs. As new technologies evolve
and become viable, they can be integrated to further
improve operations. Once confidence is established in
the intelligent ground system, it can be transitioned
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Figure 3 -Intelligent Systems in Action
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onboard the spacecraft. This approach may provide the
greatest promise for the future.
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